Abstract: Normalized water-leaving radiance spectra nL w (λ), particle backscattering coefficients b bp (λ) in the near-infrared (NIR) wavelengths, and total suspended matter (TSM) concentrations over turbid waters are analytically correlated. To demonstrate the use of b bp (λ) in the NIR wavelengths in coastal and inland waters, we used in situ optics and TSM data to develop two TSM algorithms from measurements of the Visible Infrared Imaging Radiometer Suite (VIIRS) onboard the Suomi National Polar-orbiting Partnership (SNPP) using backscattering coefficients at the two NIR bands b bp (745) and b bp (862) for Lake Taihu. The correlation coefficients between the modeled TSM concentrations from b bp (745) and b bp (862) and the in situ TSM are 0.93 and 0.92, respectively. A different in situ dataset acquired between 2012 and 2016 for Lake Taihu was used to validate the performance of the NIR TSM algorithms for VIIRS-SNPP observations. TSM concentrations derived from VIIRS-SNPP observations with these two NIR b bp (λ)-based TSM algorithms matched well with in situ TSM concentrations in Lake Taihu between 2012 and 2016. The normalized root mean square errors (NRMSEs) for the two NIR algorithms are 0.234 and 0.226, respectively. The two NIR-based TSM algorithms are used to compute the satellite-derived TSM concentrations to study the seasonal and interannual variability of the TSM concentration in Lake Taihu between 2012 and 2016. In fact, the NIR-based TSM algorithms are analytically based with minimal in situ data to tune the coefficients. They are not sensitive to the possible nL w (λ) saturation in the visible bands for highly turbid waters, and have the potential to be used for estimation of TSM concentrations in turbid waters with similar NIR nL w (λ) spectra as those in Lake Taihu.
Introduction
Total suspended matter (TSM) is an important biogeochemical parameter for both the ocean environment and inland waters. It can significantly impact the light fields in the water column, and consequently affect water optical and biological properties, such as the diffuse attenuation coefficient at the wavelength of 490 nm K d (490) [1] [2] [3] , chlorophyll-a (Chl-a) concentration [4] [5] [6] , and primary production [7, 8] , etc. TSM is also an indicator of water quality and water clarity that can affect both aquatic life and the lives of millions of people near coastal and inland waters. Changes in TSM concentrations are also related to the different atmosphere, land, and ocean processes, such as river runoff and discharge [9, 10] , landslides and erosion [11] , hurricanes and tropical storms [12] [13] [14] , and ocean tidal currents [15, 16] .
In recent years, satellite ocean color remote sensing has been increasingly used to study ocean optical, biological, and biogeochemical processes, as well as to monitor for natural hazards in the world's open oceans and coastal and inland waters. Several algorithms have already been developed to derive the TSM concentration from satellite-measured normalized water-leaving radiance spectra nL w (λ). Specifically, nL w (λ) at the wavelength of 645 nm from the Moderate Resolution Imaging Spectroradiometer (MODIS) can be used to map TSM concentrations [17] . Remote sensing reflectance retrievals at wavelengths of 545 and 840 nm from Satellite Pour l'Observation de la Terre (SPOT) data have been used to quantify the TSM concentration [18] . Using MODIS-Aqua measurements, Son and Wang [19] developed a TSM algorithm for Chesapeake Bay using the strong relationship between TSM and the water diffuse attenuation coefficient at 490 nm (K d (490)). Tassan [20] computed TSM using remote sensing reflectance at wavelengths of 488, 555, and 645 nm from Landsat Thematic Mapper (TM) data, and it was further tuned for MODIS observations in the Yellow Sea and East China Sea [21] . Other TSM algorithms, which are empirically tuned with different statistical approaches, were also developed for the Yellow Sea and East China Sea [22, 23] .
In general, our knowledge of the optical features in the red (~620-700 nm), near-infrared (NIR, 700-1000 nm), and shortwave infrared (SWIR,~1000-3000 nm) wavelengths for the coastal and inland waters is still quite limited, particularly for optical information at the NIR and SWIR wavelengths. Though, the optical information in the red, NIR, and SWIR can be used to derive a variety of ocean (water) products in turbid coastal and inland waters to address dynamic coastal ocean and inland water environments [24] [25] [26] [27] .
The water inherent optical properties (IOPs) are important parameters of the absorption and scattering of the constituents in the water column, i.e., pure water, phytoplankton, color dissolved organic matter (CDOM), and minerals, etc. It is well known that nL w (λ) spectra are determined by IOPs, such as absorption and backscattering of different bio-physical components in the water column [28] . Thus, IOPs can be derived using nL w (λ) spectra from satellite remote sensing [29] [30] [31] . However, most of these studies are focused on open ocean and less turbid waters. In fact, only nL w (λ) spectra in the visible are used in these IOP retrieval algorithms. The performance of these algorithms is poor in turbid coastal and inland waters since the coefficeints for IOP spectral relations are empirical and normally tuned for open oceans or less turbid waters. In addition, the saturation of nL w (λ) in the visible wavelengths [32, 33] in the highly turbid waters also indicates that IOP retrievals with nL w (λ) in the visible wavelengths can lead to significant underestimation of IOPs. Recently, improvements were also made to tune these algorithms with the in situ nL w (λ) in the NIR wavelengths in some regional studies [34] [35] [36] .
In turbid coastal and inland waters, the backscattering coefficient b bp (λ) is generally proportional to the TSM concentration, thus deriving b bp (λ) becomes a prerequisite for any IOP-based TSM algorithm. In the visible wavelengths, the absorption and backscattering of all four constituents in the water column are significant in determining the nL w (λ) spectra. This makes it very challenging to accurately derive IOP properties from satellite-measured nL w (λ) spectra with visible bands in the coastal and inland waters. However, at the NIR wavelengths, the water absorption coefficients [37, 38] are much larger than those of other components, such as phytoplankton, sediments, and CDOM. Thus, IOP models at the NIR wavelengths can be significantly simplified for turbid coastal and inland waters [33] . Indeed, Shi and Wang [33] have shown that backscattering coefficients b bp (λ) at the MODIS NIR bands can be analytically derived with good accuracy at the NIR and visible wavelengths in coastal and inland waters. The NIR-based algorithm also has the potential to further extend to the visible bands to derive the IOP properties, such as a ph (λ), a cdom (λ) over turbid coastal and inland waters.
In this paper, we further demonstrate that the NIR-based backscattering coefficients derived from the Visible Infrared Imaging Radiometer Suite (VIIRS) onboard the Suomi National Polar-orbiting Partnership (SNPP) can be used to accurately compute TSM concentrations due to the intrinsic relationship between the sediment particle backscattering coefficients and the TSM concentration. For this purpose, we use in situ measurements of the TSM and nL w (λ) data in Lake Taihu to develop a set of the NIR-based TSM algorithms for VIIRS-SNPP applications in China's Lake Taihu. The accuracy of these algorithms is assessed using statistical analysis. Following the TSM algorithm development, VIIRS measurements from 2012 to 2016 are processed to derive nL w (λ) spectra using the SWIR-based atmospheric correction [39] with VIIRS SWIR M8 and M10 bands (1238 and 1601 nm). Particle backscattering coefficients at the two VIIRS NIR bands 745 and 862 nm, b bp (745) and b bp (862), are then calculated. We apply this set of the VIIRS TSM algorithms to derive TSM data over Lake Taihu in the VIIRS period. Furthermore, VIIRS-derived TSM data in Lake Taihu are validated using in situ TSM measurements in the VIIRS period. Finally, time series and seasonal variability of TSM concentrations in Lake Taihu are derived and analyzed.
Data and Method

China's Lake Taihu
Lake Taihu is located in the Yangtze River Delta (Figure 1 ) with an areal coverage of~2300 km 2 and a mean depth of~2 m. Waters in Lake Taihu are consistently turbid all year with winter and summer ranking the most and least turbid seasons in the lake [40] [41] [42] . In addition, Lake Taihu has frequent algal blooms in the spring-summer that pollute the lake water. MODIS-Aqua observations were used to monitor the development of the blue-green algae (Microcystis) in the spring of 2007 [40] that adversely affected the normal lives of several million residents. As the third-largest inland freshwater lake in China, Lake Taihu has experienced significant environmental issues in recent years [43] . Studies have shown that the 2007 drinking water crisis is linked to climate variability and lake management [44] . In addition to the TSM and turbidity in Lake Taihu, other environmental and water quality parameters, such as phytoplankton and algal blooms [45] , lake eutrophication [46] , Chl-a and primary production variations [47] , and CDOM [48, 49] have also been investigated.
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Data and Method
China's Lake Taihu
Lake Taihu is located in the Yangtze River Delta ( Figure 1 ) with an areal coverage of ~2300 km 2 and a mean depth of ~2 m. Waters in Lake Taihu are consistently turbid all year with winter and summer ranking the most and least turbid seasons in the lake [40] [41] [42] . In addition, Lake Taihu has frequent algal blooms in the spring-summer that pollute the lake water. MODIS-Aqua observations were used to monitor the development of the blue-green algae (Microcystis) in the spring of 2007 [40] that adversely affected the normal lives of several million residents. As the third-largest inland freshwater lake in China, Lake Taihu has experienced significant environmental issues in recent years [43] . Studies have shown that the 2007 drinking water crisis is linked to climate variability and lake management [44] . In addition to the TSM and turbidity in Lake Taihu, other environmental and water quality parameters, such as phytoplankton and algal blooms [45] , lake eutrophication [46] , Chl-a and primary production variations [47] , and CDOM [48, 49] have also been investigated. It is noted that Lake Taihu is featured with high turbidity with the Kd(490) values generally over ~2 m −1 , and reaching ~3-4 m −1 in the winter and spring seasons for most part of the lake [40] . This shows that Lake Taihu is an optically-deep water body with negligible bottom effects on the satellitemeasured nLw(λ) spectra. On the other hand, the water absorption is significantly larger at the NIR wavelengths than that at visible wavelengths. This further suggests that the lake is optically deep and It is noted that Lake Taihu is featured with high turbidity with the K d (490) values generally over~2 m −1 , and reaching~3-4 m −1 in the winter and spring seasons for most part of the lake [40] . This shows that Lake Taihu is an optically-deep water body with negligible bottom effects on the satellite-measured nL w (λ) spectra. On the other hand, the water absorption is significantly larger at the NIR wavelengths than that at visible wavelengths. This further suggests that the lake is optically deep and negligible bottom effects at the VIIRS NIR bands even though the bottom reflection might sometime exist for the visible bands in some regions, such as a small portion of the southeast Lake Taihu with shallower depths and low water turbidity.
In Situ Measurements of nL w (λ) and TSM Concentration
To develop the TSM algorithms for VIIRS observations, we used the in situ measurements of nL w (λ) and TSM concentrations between 2006 and 2007 in Lake Taihu. In that period, five cruises were carried out to collect optical measurements and water samples for biological and bio-optical properties. There were about 50 sample stations covering the entire area of Lake Taihu for each cruise. The optical measurements were made, and the water samples were collected, at a depth of 50 cm below the surface, comprising a total of 50 sites covering different regions of the lake. In order to obtain high-quality in situ remote sensing reflectance, measurements were carried out under clear sky conditions with no wind or very low winds during the hours of 8:30-16:30. At each sampling site, the spectra were measured 10 times to optimize the signal-to-noise ratio (SNR), and thus reduce the error of in situ measurements. Downwelling radiance and upwelling total radiance measurements were made with an ASD field spectrometer (Analytical Devices, Inc., Boulder, CO, USA) with a spectral response of 350 to 1050 nm, a spectral resolution of 3 nm, and a sampling interval of 1 nm. The water-leaving radiance L w (λ, 0 + ) was derived after deducting the contribution of sky radiance L sky (λ). The remote sensing reflectance above the water surface R rs (λ) was calculated as the ratio of water-leaving upwelling radiance L w (λ, 0 + ) to incident downwelling irradiance E d (λ, 0 + ). The detailed protocols of the in situ data collection and processing can be found in [50, 51] .
In the VIIRS period between 2012 and 2016, frequent in situ measurements of TSM concentrations at a number of monitoring stations in Lake Taihu were taken. These monitoring stations were set up by the Nanjing Institute of Geography and Limnology, Chinese Academy of Sciences, aiming to monitor and assess long-term ecosystem changes in Lake Taihu. The TSM in situ measurements coincident with the VIIRS observations between 2012 and 2016 were used to validate the VIIRS-derived TSM retrievals.
VIIRS-SNPP Data and Ocean Color Data Processing
VIIRS-SNPP was launched on 28 October 2011. VIIRS has 22 spectral bands covering a spectral range from 0.410 to 12.013 µm, which include 14 reflective solar bands (RSBs), seven thermal emissive bands (TEBs), and a panchromatic day/night band (DNB) [52] . VIIRS has similar spectral bands as MODIS, which provide observations of Earth's atmosphere, land, and ocean properties [53] . One of the primary goals of the VIIRS mission is to provide data continuity from MODIS for the science and user community with Environmental Data Records (EDR) over global oceanic waters to enable assessment of climatic and environmental variability [54] . Ocean color EDR is a key product suite derived from VIIRS [55] .
Specifically, VIIRS-SNPP has five visible bands (M1-M5) with nominal central wavelengths of 410, 443, 486, 551, and 671 nm, two NIR bands (M6 and M7) at wavelengths of 745 and 862 nm, and three SWIR bands (M8, M10, and M11) at wavelengths of 1238, 1601, and 2257 nm for satellite ocean color data processing. Note that VIIRS band wavelengths are indicated for the band nominal center wavelength. In addition, effective band center wavelengths can also be calculated for the VIIRS-SNPP in order to remove the sensor out-of-band (OOB) effects following the approach in Wang at al. [56] . On-orbit vicarious calibrations for VIIRS-SNPP were carefully carried out using the in situ nL w (λ) spectra from the Marine Optical Buoy (MOBY) [57] in waters off Hawaii and over the South Pacific Gyre (SPG) [58] . Similar to the standard NIR atmospheric correction algorithm [59, 60] with two NIR bands (745 and 862 nm for VIIRS), the SWIR-based atmospheric correction algorithm with VIIRS SWIR 1238 and 1601 nm bands has been used in deriving the nL w (λ) spectra [39] . The SWIR atmospheric correction algorithm is based on the fact that the waters are more strongly absorbing at the SWIR wavelengths than those at the NIR wavelengths [37] . Thus, normally-not-black turbid waters in the NIR bands can still be black for the SWIR bands [32, 39] . Consequently, VIIRS measurements at the SWIR bands can be used to determine the aerosol type and estimate the atmospheric effects in the visible and NIR by extrapolating the aerosol effect from the SWIR wavelengths to visible and NIR wavelengths using appropriate aerosol models [39] .
The Multi-Sensor Level-1 to Level-2 (MSL12), which is the official NOAA VIIRS ocean color data processing system, has been used for processing satellite ocean color data from Sensor Data Records (SDR) (or Level-1B) to ocean color EDR (or Level-2) products for VIIRS-SNPP. In recent years, MSL12 has made several important improvements and enhancements. In particular, these improvements and updates include the SWIR-based and NIR-SWIR combined atmospheric correction algorithms for improved ocean color data products in coastal and inland waters [39, 61, 62] . In this study, VIIRS-SNPP observations over Lake Taihu made between 2012 and 2016 were processed using the MSL12 ocean color data processing system to produce nL w (λ) at the visible and NIR bands. Several studies have shown that MSL12 can produce good quality nL w (λ) spectra in both open oceans and coastal regions from various satellite ocean color sensors, e.g., MODIS-Aqua, VIIRS-SNPP, and the Korean Geostationary Ocean Color Imager (GOCI) [26, 40, 55, 62] .
The NIR-IOP-Based TSM Algorithm
As a pre-requisite, b bp (λ) data at the NIR wavelengths are required in order to derive the TSM concentration. To calculate the b bp (λ), satellite-derived remote sensing reflectance R rs (λ) is converted to subsurface remote sensing reflectance r rs (λ) [63] by:
Gordon et al. [28] have shown that subsurface remote sensing reflectance r rs (λ) can be computed quadratically with ocean IOPs based on the reflectance model, i.e.:
where r rs (λ) is the remote-sensing reflectance just beneath the water surface, and g 1 and g 2 are constant values of 0.0949 and 0.0794, respectively.
In comparison with nL w (λ) results in visible bands, which are usually used for IOP modeling, pure seawater absorption coefficients a w (λ) at the NIR bands are significantly larger than those of other seawater constituents [37] , i.e., a w (λ) >> a ph (λ), a g (λ), and a d (λ) for the NIR bands. For example, a w (862) is~5 m −1 , compared with a ph (862), a g (862), and a d (862) which are close to 0 [64] [65] [66] [67] . Therefore, with the spectral features of a w (λ), a ph (λ), a g (λ), and a d (λ) at the NIR wavelengths,
can be approximated as (at the NIR bands): Using the in situ nL w (λ) at the corresponding VIIRS NIR bands at 745 and 862 nm, b bp (λ) values at the wavelengths of 551, 671, 745, and 862 nm were derived following the Shi and Wang [33, 68] approach. In brief, b bp (745) and b bp (862) are first derived using Equations (1)- (3) with the VIIRS-derived nL w (745) and nL w (862). Since b bp (λ) is spectrally correlated, and can be generally modeled as a function of b bp (λ) at a reference wavelength [65, 69] , the power law slope η can then be consequently computed with b bp (745) and b bp (862) [68] . With the derived power law slope η, b bp (λ) in the VIIRS visible bands, e.g., b bp (443), b bp (551), can be computed using the reference b bp (745) and the derived power law slope η. Figure 2d) for the entire TSM range. However, the relationship between TSM and b bp (λ) becomes nonlinear at shorter wavelengths (Figure 2a-c) . Specifically, b bp (551) is much less sensitive to the TSM change for the TSM over~100 mg/L (Figure 2a ). This shows that the relationship between the TSM and b bp (λ) is wavelength-dependent, and a nonlinear function, as in Equation (4), is necessary to characterize the relationship between the TSM and b bp (λ), in particular, for b bp (λ) at the shorter visible wavelengths. (Figure 2d) for the entire TSM range. However, the relationship between TSM and bbp(λ) becomes nonlinear at shorter wavelengths (Figure 2a-c) . Specifically, bbp(551) is much less sensitive to the TSM change for the TSM over ~100 mg/L (Figure 2a ). This shows that the relationship between the TSM and bbp(λ) is wavelength-dependent, and a nonlinear function, as in Equation (4), is necessary to characterize the relationship between the TSM and bbp(λ), in particular, for bbp(λ) at the shorter visible wavelengths. Consequently, the particle backscattering of the sediment in the water column, bbp(λ), can generally be related to the TSM concentration in a polynomial equation as:
where * ( ) is the mass-specific particle backscattering coefficient, mi(λ) is the constant coefficient for each term, i is the degree of the polynomial, and TSM is the TSM concentration in the water column. In comparison to a simple linear equation, a nonlinear polynomial equation for the relationship of bbp(λ) and TSM is able to provide more flexibility and generality for addressing the relationship of bbp(λ) and TSM in the turbid waters with a wide-range of TSM concentrations.
On the other hand, * ( ) is, in general, a constant value for a specific region since it is determined by the particle size distribution, particle shapes, and compositions. Consequently, Equation (4) shows that bbp(λ) is proportional to the TSM concentration. Conversely, TSM concentration can also be expressed as a nonlinear function of bbp(λ) in order to compute the TSM concentration from backscattering coefficients bbp(λ). In this study, we use a quadratic function (N = Consequently, the particle backscattering of the sediment in the water column, b bp (λ), can generally be related to the TSM concentration in a polynomial equation as:
where b * bp (λ) is the mass-specific particle backscattering coefficient, m i (λ) is the constant coefficient for each term, i is the degree of the polynomial, and TSM is the TSM concentration in the water column. In comparison to a simple linear equation, a nonlinear polynomial equation for the relationship of b bp (λ) and TSM is able to provide more flexibility and generality for addressing the relationship of b bp (λ) and TSM in the turbid waters with a wide-range of TSM concentrations.
On the other hand, b * bp (λ) is, in general, a constant value for a specific region since it is determined by the particle size distribution, particle shapes, and compositions. Consequently, Equation (4) shows that b bp (λ) is proportional to the TSM concentration. Conversely, TSM concentration can also be expressed as a nonlinear function of b bp (λ) in order to compute the TSM concentration from backscattering coefficients b bp (λ). In this study, we use a quadratic function (N = 2) to compute the TSM concentration from the backscattering coefficient b bp (λ) in the NIR wavelengths, i.e.:
where n 1 (λ) and n 2 (λ) are coefficients to best fit TSM to b bp (λ) relationship in Equation (5) . Note that Equation (5) assumes that n 0 (λ) = 0, i.e., TSM = 0 for b bp (λ) = 0.
Specifically, using Equations (1)- (3), the in situ nL w (λ) at the two NIR wavelengths can be first converted to in situ b b (745) and b b (862). Next, the in situ TSM algorithms can then be developed using the in situ b b (745) and b b (862) data and the corresponding TSM concentration. Finally, the same TSM algorithms developed using the in situ data for Lake Taihu can be used for VIIRS measurements.
Using nL w (λ) at the NIR bands derived from the SWIR-based atmospheric correction [39, 61] with the MSL12 ocean color data processing system, we can first compute the satellite-derived b bp (745) and b bp (862) in Lake Taihu. Then TSM algorithms can be applied to the VIIRS-derived b bp (745) and b bp (862) to produce the VIIRS-derived TSM products in Lake Taihu. With the VIIRS-derived b bp (λ) and TSM products, we can produce the seasonal climatology and interannual variations of b bp (λ) and TSM in Lake Taihu from 2012 to 2016. The numbers of VIIRS granules to produce seasonal climatology data are more or less the same, thus, seasonal b bp (λ) and TSM can be compared with each other without artificial sampling biases. Similarly, the interannual variation of b bp (λ) and TSM in Lake Taihu is also computed on a season-by-season basis.
Results
VIIRS TSM Algorithm for Lake Taihu
Using the in situ nL w (λ) at the NIR 745 and 862 nm and the corresponding TSM concentrations collected in various experimental investigations in 2006 and 2007 before the VIIRS-SNPP launch, two TSM algorithms were developed in Equation (2) with the least-square fitting approach. The algorithm for deriving TSM concentration from b bp (745) is as follows:
and the algorithm for deriving TSM concentration from b bp (862) is: Figure 3 shows the performance of the two TSM algorithms in comparison with the in situ TSM measurements. In general, data from both TSM (745) (Figure 3a) and TSM (862) (Figure 3b ) match well with the in situ TSM measurements. The Pearson correlation coefficients R for TSM (745) -derived ( Figure 3a) and TSM (862) -derived (Figure 3b ) versus TSM-in situ data are 0.93 and 0.92, respectively. It is also noted that the relationship for both TSM (745) versus TSM-in situ and TSM (862) versus TSM-in situ works well for the entire TSM range in Lake Taihu. This demonstrates that both NIR-b bp (λ)-based algorithms work well for moderately-to highly-turbid waters. It also indicates that the approximation for the backscattering relationship shown in Equation (5) is indeed valid. Thus, b bp (745) and b bp (862) can be computed analytically in order to produce the TSM products in Lake Taihu. Figure 3c shows the matchup results between the TSM (745) and TSM (862) . Indeed, they are consistent with each other with negligible differences (as expected). The correlation between TSM (745) and TSM (862) reaches over 0.99, and suggests that both TSM (745) and TSM (862) can be applied to VIIRS-derived nL w (λ) and b bp (λ) at the NIR bands 745 and 862 nm to characterize and quantify the TSM variability in Lake Taihu.
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VIIRS TSM Algorithm Validation
In the VIIRS period between 2012 and 2016, there were a total of 126 good matches of VIIRS observations and in situ measurements, i.e., valid VIIRS TSM retrievals and in situ measurements at these stations on the same day. These matchup locations at the monitoring stations are located across Lake Taihu. Figure 1 shows the locations of these monitoring stations (marked with "×"). The in situ measurements were typically taken within ±3 h of VIIRS overpassing Lake Taihu. Of the 126 matchups, there are 21, 58, 29, and 18 matchups in years 2012, 2013, 2015, and 2016, respectively. There were no matchups in 2014. Figure 4a shows the scattering plot of VIIRS TSM (745) versus in situ TSM, and Figure 4b shows the scattering plot of VIIRS TSM (862) versus in situ TSM for all matchups acquired between 2012 and 2016. In general, both VIIRS-derived TSM (745) and TSM (862) compared well with in situ TSM data. In fact, the mean ratios of VIIRS-derived TSM and in situ TSM are 0.943 and 0.971 for TSM (745) and TSM (862) , respectively, with corresponding standard deviation (STD) values of 0.186 and 0.198, respectively ( Table 1 ). The Pearson correlation coefficients between the VIIRS-derived TSM and the in situ ones are 0.861 and 0.873, and normalized root mean square errors (NRMSEs) are 0.234 and 0.226 for TSM (745) and TSM (862) , respectively, even though the time difference between the satellite overpass and the in situ TSM measurements could be up to several hours. In the logarithmic domain corresponding to Figure 4 , the intercept and slope from the regression analysis are 0.208 and 0.908 for TSM (745) and 0.132 and 0.921 for TSM (862) . With the validation of the accuracy of these two TSM algorithms for VIIRS observations, the seasonal and interannual variability of the TSM in Lake Taihu from long-term satellite observations can be assessed with good accuracy. 
Figure 4. Scatter plots of (a) VIIRS bbp(745)-derived TSM (745) versus in situ-measured TSM and (b) VIIRS bbp(862)-derived TSM (862) versus in situ-measured TSM.
The validation of the two TSM algorithms also shows that both of the satellite TSM algorithms are valid for retrieving the VIIRS TSM products in Lake Taihu. This also further implies that the VIIRS-derived nLw(λ) spectra are reasonably accurate and reliable in Lake Taihu using the SWIR atmospheric correction algorithm. Otherwise, significant TSM retrieval bias and a high uncertainty in terms of the STD could occur since the TSM algorithms are developed with the in situ nLw(λ) measurements from Lake Taihu. It should be particularly noted that the in situ data used for developing the VIIRS TSM algorithms and those for algorithm validation were acquired at different times.
Seasonal Variability of the NIR-Based TSM in Lake Taihu
As demonstrated in Wang et al. [40, 41] with MODIS water property products in Lake Taihu, Lake Taihu experienced significant spatial and temporal variations in terms of the water optical, biological, and biogeochemical properties. Using VIIRS-SNPP five-year observations from 2012 to 2016, seasonal climatology images of nLw(745) and nLw(862) were also derived. Figure 5 shows the seasonal climatology images of nLw(745) (Figure 5a-d) and nLw(862) (Figure 5e-h) for the season of boreal spring (March-May), summer (June-August), autumn (September-November), and winter (December-February). For each pixel, all of the corresponding valid nLw(λ) spectra derived from VIIRS observations for that season (i.e., spring, summer, fall, and winter) between 2012 and 2016 are selected, and the median value of the valid nLw(λ) at that pixel is calculated as the climatology nLw(λ) value for that season. Similarly, the seasonal climatology of bbp(λ) and TSM (λ) is also computed. In general, nLw(745) and nLw(862) in Lake Taihu show significant seasonal variability with enhanced nLw(745) and nLw(862) in the winter season, and depressed nLw(745) and nLw(862) in the summer season. As an example, nLw(745) actually reaches over ~3 mW cm −2 µm −1 sr −1 in the Southern Lake Taihu in the winter, while its value is only ~1 mW cm −2 µm −1 sr −1 in the summer. However, in Meiliang Bay part of Northern Lake Taihu (see the location in Figure 1) , nLw(745) peaks in the summer and autumn, while low nLw(745) is observed in the winter season.
The spatial variability of nLw(745) and nLw(862) in each season is also significant. In winter, nLw(745) and nLw(862) in the southern lake region are ~3-4 times larger than those in the Northern Lake Taihu. However, in summer the nLw(745) and nLw(862) are higher in Northern Lake Taihu than in Southern Lake Taihu. It is also noted that both the temporal and spatial variations of VIIRS nLw(745) and nLw (862) The validation of the two TSM algorithms also shows that both of the satellite TSM algorithms are valid for retrieving the VIIRS TSM products in Lake Taihu. This also further implies that the VIIRS-derived nL w (λ) spectra are reasonably accurate and reliable in Lake Taihu using the SWIR atmospheric correction algorithm. Otherwise, significant TSM retrieval bias and a high uncertainty in terms of the STD could occur since the TSM algorithms are developed with the in situ nL w (λ) measurements from Lake Taihu. It should be particularly noted that the in situ data used for developing the VIIRS TSM algorithms and those for algorithm validation were acquired at different times.
As demonstrated in Wang et al. [40, 41] with MODIS water property products in Lake Taihu, Lake Taihu experienced significant spatial and temporal variations in terms of the water optical, biological, and biogeochemical properties. Using VIIRS-SNPP five-year observations from 2012 to 2016, seasonal climatology images of nL w (745) and nL w (862) were also derived. Figure 5 shows the seasonal climatology images of nL w (745) (Figure 5a-d) and nL w (862) (Figure 5e-h) for the season of boreal spring (March-May), summer (June-August), autumn (September-November), and winter (December-February). For each pixel, all of the corresponding valid nL w (λ) spectra derived from VIIRS observations for that season (i.e., spring, summer, fall, and winter) between 2012 and 2016 are selected, and the median value of the valid nL w (λ) at that pixel is calculated as the climatology nL w (λ) value for that season. Similarly, the seasonal climatology of b bp (λ) and TSM (λ) is also computed. In general, nL w (745) and nL w (862) in Lake Taihu show significant seasonal variability with enhanced nL w (745) and nL w (862) in the winter season, and depressed nL w (745) and nL w (862) in the summer season. As an example, nL w (745) actually reaches over~3 mW cm −2 µm −1 sr −1 in the Southern Lake Taihu in the winter, while its value is only~1 mW cm −2 µm −1 sr −1 in the summer. However, in Meiliang Bay part of Northern Lake Taihu (see the location in Figure 1 ), nL w (745) peaks in the summer and autumn, while low nL w (745) is observed in the winter season.
The spatial variability of nL w (745) and nL w (862) in each season is also significant. In winter, nL w (745) and nL w (862) in the southern lake region are~3-4 times larger than those in the Northern Lake Taihu. However, in summer the nL w (745) and nL w (862) are higher in Northern Lake Taihu than in Southern Lake Taihu. It is also noted that both the temporal and spatial variations of VIIRS nL w (745) and nL w (862) are consistent with the nL w (859) and K d (490) derived from MODIS-Aqua observations in Lake Taihu [40, 41] .
We also derive VIIRS seasonal b bp (862) and TSM (862) from nL w (862) in Lake Taihu. Figure 6 shows b bp (862) (Figure 6a-d) and TSM (862) (Figure 6e-h ) in the spring, summer, autumn, and winter seasons. As expected, similar results are obtained for b bp (745) and TSM (745) (not shown). Due to the intrinsic relationship between b bp (λ) and nL w (λ) in the NIR wavelengths, the spatial and seasonal changes of the b bp (745) and b bp (862) follow the changes of nL w (745) and nL w (862) as expected. Significantly higher b bp (862) and TSM (862) can be found in Southern Lake Taihu in winter (Figure 6d,h) . In contrast, b bp (862) and TSM (862) are actually lower in Southern Lake Taihu than those in Northern Lake Taihu in the summer (Figure 6b,f) . The peaks in b bp (862) and TSM (862) during the winter might be attributed to the enhanced sediment suspension due to strong monsoon winds [24] .
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Examination of bbp(862) and bbp(745) (not shown here) shows that they are almost identical in terms of both spatial pattern and magnitude in the winter. This suggests that the value of power law slope, η, is close to 0. On the other hand, bbp(745) is higher than bbp(862) in the spring, summer, and autumn, suggesting that the value of power law slope, η, is positive. Since η is related to the suspended sediment properties, such as the particle size distribution, particle compositions, etc., the seasonal change of the power law slope, η, might have further biological and biogeochemical implications for Lake Taihu.
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Examination of b bp (862) and b bp (745) (not shown here) shows that they are almost identical in terms of both spatial pattern and magnitude in the winter. This suggests that the value of power law slope, η, is close to 0. On the other hand, b bp (745) is higher than b bp (862) in the spring, summer, and autumn, suggesting that the value of power law slope, η, is positive. Since η is related to the suspended sediment properties, such as the particle size distribution, particle compositions, etc., the seasonal change of the power law slope, η, might have further biological and biogeochemical implications for Lake Taihu.
Using Equations (6) and (7), seasonal variability of TSM concentration in Lake Taihu is also derived. Figure 6 shows TSM concentration TSM (862) (Figure 6e-h ) derived from b bp (862) in the four seasons. In the winter season, TSM concentration can reach over~100 mg L −1 in Southern Lake Taihu, while low TSM concentration of~10 mg L −1 is observed in Meiliang Bay, part of Northern Lake Taihu. Even though the formulae for TSM (745) and TSM (862) are different (Equations (6) and (7) It is also noted that the seasonal variation of bbp(λ) and TSM in Meiliang Bay is different from the other regions with pronounced bbp(λ) and TSM in summer, and autumn seasons (Figure 6 ), while peaks of bbp(λ) and TSM occurred in the winter season for the other parts of the lake. This might be attributed to the frequent occurrence of floating blue algae blooms in the three seasons in Meiliang Bay, which can consequently enhance the nLw(745) and nLw(862), and lead to possible overestimation of the TSM concentrations in the bay.
Interannual Variability of VIIRS NIR-Based Products in Lake Taihu.
Previous studies show that the interannual variability of environmental parameters, such as Chla, Kd(490), and primary production in Lake Taihu can be significant [40, 47] . (862) and TSM (862) in these years. Figure 8 shows the interannual variability of the bbp(λ) and TSM concentration for the entire Lake Taihu (Figure 8a,b) . For the all of Lake Taihu, the average TSM concentration between 2012 and 2016 It is also noted that the seasonal variation of b bp (λ) and TSM in Meiliang Bay is different from the other regions with pronounced b bp (λ) and TSM in summer, and autumn seasons (Figure 6 ), while peaks of b bp (λ) and TSM occurred in the winter season for the other parts of the lake. This might be attributed to the frequent occurrence of floating blue algae blooms in the three seasons in Meiliang Bay, which can consequently enhance the nL w (745) and nL w (862), and lead to possible overestimation of the TSM concentrations in the bay.
Interannual Variability of VIIRS NIR-Based Products in Lake Taihu
Previous studies show that the interannual variability of environmental parameters, such as Chl-a, K d (490), and primary production in Lake Taihu can be significant [40, 47] . Figure 8 shows the interannual variability of the b bp (λ) and TSM concentration for the entire Lake Taihu (Figure 8a,b) . For the all of Lake Taihu It is also noted that the TSM (745) and TSM (862) algorithms are both developed from the in situ TSM concentration, nLw(745), and nLw(862). Negligible differences between the TSM (745) and TSM (862) algorithms provides further evidence that VIIRS nLw(745) and nLw(862) derived using the SWIR-based atmospheric correction algorithm in Lake Taihu are reasonably accurate and comparable to the insitu nLw(λ) measurements. In combination with the negligible difference between TSM (745) and TSM (862 ), it is also shown that both TSM (745) and TSM (862) can be confidently used to monitor, characterize, and quantify the TSM variation in Lake Taihu.
Discussion
In a recent study [33] , we have shown that for highly turbid waters bbp(λ) in the NIR wavelengths can be derived analytically due to strong water absorption in the NIR wavelengths. In fact, bbp(λ) in visible wavelengths can also be derived with bbp(λ) in the NIR wavelengths. Using the International Ocean Color Coordinating Group (IOCCG) IOP dataset [65] , it has been shown that this approach It is also noted that the TSM (745) and TSM (862) algorithms are both developed from the in situ TSM concentration, nLw(745), and nLw(862). Negligible differences between the TSM (745) and TSM (862) algorithms provides further evidence that VIIRS nLw(745) and nLw(862) derived using the SWIR-based atmospheric correction algorithm in Lake Taihu are reasonably accurate and comparable to the insitu nLw(λ) measurements. In combination with the negligible difference between TSM (745) and TSM (862 ), it is also shown that both TSM (745) and TSM (862) can be confidently used to monitor, characterize, and quantify the TSM variation in Lake Taihu.
In a recent study [33] , we have shown that for highly turbid waters bbp(λ) in the NIR wavelengths It is also noted that the TSM (745) and TSM (862) algorithms are both developed from the in situ TSM concentration, nL w (745), and nL w (862). Negligible differences between the TSM (745) and TSM (862) algorithms provides further evidence that VIIRS nL w (745) and nL w (862) derived using the SWIR-based atmospheric correction algorithm in Lake Taihu are reasonably accurate and comparable to the in-situ nL w (λ) measurements. In combination with the negligible difference between TSM (745) and TSM (862 ), it is also shown that both TSM (745) and TSM (862) can be confidently used to monitor, characterize, and quantify the TSM variation in Lake Taihu.
In a recent study [33] , we have shown that for highly turbid waters b bp (λ) in the NIR wavelengths can be derived analytically due to strong water absorption in the NIR wavelengths. In fact, b bp (λ) in visible wavelengths can also be derived with b bp (λ) in the NIR wavelengths. Using the International Ocean Color Coordinating Group (IOCCG) IOP dataset [65] , it has been shown that this approach can derive accurate backscattering coefficients b bp (λ) in the visible and NIR wavelengths. Since there are no simultaneous b bp (λ) measurements in the in situ dataset in this study, the accuracy of b bp (745) and b bp (862) derived from in situ nL w (745) and nL w (862) cannot be evaluated directly. Examination of the in situ a ph (λ) and a cdom (λ) confirms that a w (λ) values at VIIRS 745 and 862 nm bands are generally two orders higher than the in situ a ph (λ) and a cdom (λ) in these two NIR bands. This provides evidence that the analytical Equations (1)- (5) are valid in turbid waters, such as Lake Taihu for deriving reasonable b bp (745) and b bp (862) values from VIIRS-measured nL w (745) and nL w (862).
In this study, we demonstrated that b bp (745) and b bp (862) can be used to compute TSM concentrations in Lake Taihu with good accuracy. Using the coincident in situ TSM measurements and VIIRS-derived TSM (745) and TSM (862) , we further validate the VIIRS TSM retrieval algorithms in Lake Taihu. Previous studies have already shown that the SWIR-based atmospheric correction with MODIS can be used to drive nL w (λ) spectra with good accuracy in Lake Taihu [40, 41] , and the VIIRS sensor is well characterized and calibrated for all of the bands from the visible to SWIR wavelengths [55, 70] . This shows that VIIRS-derived nL w (λ) spectra in Lake Taihu are reasonably accurate and can be used to produce other biogeochemical products, such as the TSM concentration. Similar approaches and procedures can be applied to develop the TSM algorithm for other sensors, such as MODIS-Aqua and other coastal and inland waters, if the in situ optical and TSM measurements are available. On the other hand, b bp (745) and b bp (862) in Lake Taihu can be related to TSM, which are eventually associated with the TSM bio-physical properties such as particle composition, mineral type, particle size distributions, etc., in addition to TSM concentration. Since these properties are stable over time in Lake Taihu, the TSM algorithms in Equations (6) and (7) can be safely applied to VIIRS observations to monitor, characterize, and quantify TSM variability in Lake Taihu.
In addition to developing a regional TSM algorithm for Lake Taihu, the main purpose of this study is to demonstrate the usefulness of the NIR IOP b bp (745) and b bp (862) for developing algorithms for other biological and biogeochemical products over turbid coastal and inland waters. The intrinsic relationships between nL w (λ) or b bp (λ) in the NIR wavelengths and TSM concentration imply that the formula for TSM as shown in Equations (6) and (7) for Lake Taihu should be reasonably accurate if nL w (λ) spectral shapes in the NIR wavelengths in other coastal and inland waters are similar to those in Lake Taihu. In fact, Shi and Wang (2014) [33] examined the ocean reflectance spectra in different regions in the Bohai Sea, Yellow Sea, and East China Sea from MODIS-Aqua observations. The NIR nL w (748) and nL w (869) show similar relationships for the Lake Taihu, Hangzhou Bay, and Yangtze River Estuary. The scatter plots of nL w (748) and nL w (869) in Lake Taihu, Hangzhou Bay, and Yangtze River Estuary generally overlap with each other in the range of 0-4 mW cm −2 µm −1 sr −1 for nL w (748), and the slopes of nL w (748)/nL w (869) are similar in these three regions. In comparison, the spectral shapes in these three regions are virtually different from those in the Yellow River Estuary and the Subei Shoal. In fact, waters of these three regions have the same sediment source from the Yangtze River [71] . This indicates that the TSM algorithms from this study can also be applied across these regions. From a broad global perspective, these two NIR-based TSM algorithms can be applied to regions where VIIRS nL w (745) and nL w (862) have a similar relationship to that in Lake Taihu in order to derive reasonably good TSM products.
Even though other efforts exist to derive the TSM concentrations from satellite observations in the region [21, 23, 72] , there are some limitations in these algorithms in comparison with the NIR-based TSM algorithm. Particularly, nL w (λ) at the green and red bands can become saturated in highly-turbid waters [24, 33] . Thus, for highly-turbid waters, nL w (λ) in the green and red wavelengths are not sensitive to the changes in the TSM concentrations. This suggests that the TSM algorithms based on nL w (λ) in green and red bands have physical and optical limitations in deriving accurate TSM concentration in highly turbid waters. In comparison, the NIR-based algorithm is valid over a wide range of TSM concentrations and necessary for highly-turbid waters. It is also noted that these two TSM algorithms do not have limitations for high TSM situations. Unlike the nL w (λ) in visible, nL w (λ) at these two NIR bands cannot become saturated in any season in Lake Taihu. However, caution should be given for applying these two algorithms to clear open ocean waters due to the accuracy of the satellite-derived nL w (λ) at NIR wavelengths. Particularly, the NIR nL w (λ) over the global open ocean is usually negligible. Even though Equation (5) shows that TSM concentration computation from Equations (1)- (3) can be calculated without any bias at low TSM levels, uncertainty in satellite-derived NIR nL w (λ) over the open ocean due to imperfect atmospheric correction can lead to errors in the retrieved TSM concentration.
Conclusions
In summary, we have demonstrated that TSM concentrations can be derived from the NIR-based nL w (λ) in Lake Taihu from VIIRS measurements. Using TSM data derived from VIIRS observations, seasonal and interannual variability of the TSM concentration in Lake Taihu has been characterized and quantified. In comparison with other TSM algorithms, the approach reported here uses the TSM and the NIR IOP (i.e., b bp (λ)) relationship. Through the NIR b bp (λ) relationship, the TSM formulation can be expressed more clearly, in particular, how TSM should be related to water optics measurements. The NIR IOP-based TSM algorithm for turbid waters is more accurate, in particular, for waters with large TSM values, i.e., highly-turbid waters. From the global perspective, the IOP-based TSM algorithm has the potential to compute TSM concentration with good accuracy in the waters with similar NIR nL w (λ) spectral shapes as those in Lake Taihu. Indeed, for highly-turbid coastal and inland waters, accurate TSM data can only be derived using satellite-measured optical information at the NIR wavelengths.
